The blood-brain barrier (BBB) protects the brain from toxic substances within the peripheral circulation. It maintains brain homeostasis and is a hurdle for drug delivery to the CNS to treat neurodegenerative diseases, including Alzheimer's disease and brain tumors. The drug efflux transporter P-glycoprotein (P-gp) is highly expressed on brain endothelial cells and blocks the entry of most drugs delivered to the brain. Here, we show that activation of the A2A adenosine receptor (AR) with an FDA-approved A2A AR agonist (Lexiscan) rapidly and potently decreased P-gp expression and function in a time-dependent and reversible manner. We demonstrate that downmodulation of P-gp expression and function coincided with chemotherapeutic drug accumulation in brains of WT mice and in primary mouse and human brain endothelial cells, which serve as in vitro BBB models. Lexiscan also potently downregulated the expression of BCRP1, an efflux transporter that is highly expressed in the CNS vasculature and other tissues. Finally, we determined that multiple pathways, including MMP9 cleavage and ubiquitinylation, mediated P-gp downmodulation. Based on these data, we propose that A2A AR activation on BBB endothelial cells offers a therapeutic window that can be fine-tuned for drug delivery to the brain and has potential as a CNS drug-delivery technology.
Introduction
The brain is one of the most vascularized organs in the body. This high vascularity enables the efficient and constant supply of oxygen and nutrients from the peripheral circulation to the brain to maintain its proper function (1, 2) . The brain vasculature is lined by a single layer of specialized endothelial cells that provide a physical barrier against entry of unwanted substances from the circulation (3) . In addition, tight and adherens junction molecules seal the spaces between adjacent endothelial cells, generating even greater resistance (4) . This physical separation by endothelial cells and junction molecules forms the blood-brain barrier (BBB). Also, the BBB is insulated with extracellular matrix proteins, pericytes, and astrocytic end-feet processes, creating stability, insulation, and extremely high resistance. Together, these are referred to as the neurovascular unit (NVU) (2, 5) . In addition to providing a physical barrier, brain endothelial cells are equipped with efflux and influx transporters and receptors. These influx and efflux proteins are also expressed on astrocytic end-feet processes and thus selectively regulate the entry of substances into the brain (5) . The high resistance of the BBB does not allow molecules larger than 450 Da to cross the BBB. This is critical to limiting entry of harmful substances, including infectious agents and toxins, into the brain and to maintaining the complex brain physiology and strict ionic environment (2, 6) .
However, while the protection provided by the BBB is essential to the health of the host, it hampers the delivery of drugs into the brain to treat neurological disorders such as Alzheimer's disease (AD) or primary brain cancers (3, 4) . Many available drugs with the potential to treat these diseases are not effectively delivered to the brain due to the physical hindrance and efflux transporters imposed by the BBB. There have been numerous attempts to overcome the hindrance of drug delivery by the BBB that include physical disruption of the BBB, drug modification for easier passage across the BBB, and intrathecal injection of drugs into the brain (7) (8) (9) (10) . However, these approaches have suffered from shortcomings, including toxicity, decreased drug efficacy, and invasiveness, that can result in permanent brain damage.
Cells and soluble factors cross the BBB through the paracellular or transcellular pathways (11, 12) . Passage across the paracellular pathway disrupts cell-to-cell junction to permit access to the brain. On the other hand, the transcellular pathway is mediated through transporters highly expressed on the luminal side of brain endothelial cells that allow for selective entry of molecules into the brain while maintaining normal brain physiology (12, 13) . However, multidrug-resistant (MDR) transporters, especially drug efflux transporters, are highly expressed on brain endothelial cells and hinder the effective delivery of drugs into the CNS, including P-glycoprotein (P-gp) and breast cancer-resistant protein 1 (BCRP1/ ABCG2) (3, 9, 14) . The most widely known and studied drug transporter expressed on brain endothelial cells is P-gp. (15, 16) . P-gp was the first MDR human transporter to be identified. It was first observed and described in drug-resistant cancer cells that highly expressed it. In breast cancer cells, P-gp prevents effective chemotherapeutic treatment by blocking chemotherapeutic drug uptake (17) (18) (19) . Later studies showed that P-gp is also highly expressed on capillaries of the liver, sex organs, and the brain and is involved in expulsion of xenobiotics from the CNS (20) (21) (22) (23) . P-gp is composed of 2 ATP-binding cassettes (ABC) and 2 transmembrane domains. The drug-binding pocket of P-gp is nonspecific, and this allows for a broad spectrum of drugs as substrates (24) (25) (26) . Recent studies sug-2-{4-[(methylamino)carbonyl]-1H-pyrazol-1-yl}adenosine (Lexiscan), increased accumulation of drugs into the brain in a time-and dose-dependent manner (45) . BBB opening under AR signaling was reversible. We showed that the duration of BBB permeability was dependent on the half-life of the AR agonist. In our recent work, we showed that activation of AR signaling exerted its effects on the paracellular pathway by altering VE-cadherin and claudin-5 expression to promote BBB permeability in human primary brain endothelial cells. We demonstrated that activation of AR signaling with Lexiscan or 5′-N-ethylcarboxamidoadenosine (NECA) mediated BBB permeability by Rho-GTPase modulation (44) .
In this study, we set out to determine whether activation of A2A AR signaling exerts its effects on the transcellular pathway by way of P-gp modulation. To test this, we used the FDA-approved A2A AR agonist Lexiscan or the broad-spectrum AR agonist NECA to determine the impact of A2A AR activation on P-gp expression and function. We observed that activation of the A2A AR by Lexiscan or NECA downmodulated the expression level of P-gp in primary mouse and human brain endothelial cells. P-gp expression was downmodulated by A2A AR signaling, and this downmodulation coincided with increased accumulation of Rhodamine 123 (Rho123), a classical P-gp substrate. Further, we observed that A2A AR activation by Lexiscan rapidly increased accumulation of the chemotherapeutic drug and P-gp substrate epirubicin in the mouse brain. NECA also increased the accumulation of epirubicin at later time points compared with Lexiscan. Similar to P-gp, we found that Lexiscan potently downmodulated the expression of BCRP1, whereas NECA's effect was less potent. These data strongly suggest that A2A AR signaling potently increases the transcellular permeability of BBB endothelial cells. We anticipate that, in the future, these studies could have a high impact on the field of drug delivery to the brain to treat neurodegenerative diseases.
Results
P-gp is highly expressed in primary human brain endothelial cells and a human brain endothelial cell line. Studies have shown that P-gp is highly expressed on the luminal side of BBB endothelial cells and on the plasma membrane due to its functional property as a transporter (16) . First, to confirm expression of P-gp in human brain endothelial cells, we performed immunofluorescence assay (IFA) of endothelial cells with an antibody specific for P-gp. We observed that HCMEC-D3 cells, a human brain endothelial cell line, expressed abundant P-gp in the cytoplasm and, to a lesser extent, on the cell surface ( Figure 1A ). Similarly, in human primary brain endothelial cells, HBMVEC, we observed high P-gp expression ( Figure 1A ). This mostly cytoplasmic P-gp localization in brain endothelial cells is reminiscent of a P-gp expression pattern previously reported in human primary brain endothelial cells (53) . However, this expression pattern of P-gp localization is different from the expression pattern observed in drug-resistant cancer cells, which showed mostly surface expression (31) . Thus, it is possible that the location/localization of P-gp is different in transformed versus normal cells and/or is different in different cell types.
In previous studies, it was reported that P-gp in brain endothelial cells is strongly colocalized with caveolae, which are specialized microdomains of cell membranes that can be separated gest that substrates that are bound to the binding pocket of P-gp and are expelled into the extracellular space undergo conformational changes upon consumption of ATP as an energy source (26) . Inhibitors of P-gp are widely used in preclinical and clinical studies for overcoming MDR. Valspodar (PSC833) is a functional inhibitor that binds directly to the drug-binding pocket of P-gp, thereby allowing entry of P-gp substrates into the cell (27, 28) . Previous studies also proposed a possible role for P-gp in processing of intracellular cholesterol and transport of cytokines, steroid metabolites, and lipids to the extracellular space (24, 29, 30) . P-gp is mostly localized on cell membranes in drug-resistant cancer cells, whereas it is mostly localized in the cytoplasm, including Golgi apparatus, lysosome, mitochondria, and endosomes, in non-drug-resistant cancer cells (31) (32) (33) (34) . It is also suggested that P-gp actively circulates between organelles in the cell via the endocytic pathway (34) . BCRP1 is another MDR transporter with an ABC that is expressed in the gut, BBB, placenta, and testis. Its expression in cancer cells indicates poor prognosis, which is believed to be caused by its regulation by multiple mechanisms of drug resistance (35) .
In brain endothelial cells, P-gp is localized in lipid raft, more specifically, in caveolae. Caveolae are specialized membrane (lipid) rafts that contain the caveolin protein and are characterized as flask-like invaginations of the plasma membrane. Caveolaemediated endocytosis has been shown to facilitate the transport of molecules to other parts of the cell (36) . An important characteristic of caveolae is detergent insolubility, which can be exploited for fractionation and enrichment (37) (38) (39) (40) . However, whether P-gp constantly circulates in cells and is recruited to the cell membrane upon its encounter with its substrate in the cytoplasm or persists on the cell membrane and pumps out its substrates into the extracellular space is not clearly proven. In a recent report, mitomycin C treatment induced the translocation of the cytoplasmic portion of P-gp to the cell surface, suggesting that relocalization of P-gp can be induced by chemical triggers (41) . Many drugs developed for treatment of brain disorders are largely classified as P-gp substrates; thus, significant efforts are placed on developing methods to bypass the hindrance posed by P-gp (27, 42, 43) . Recent studies from our lab showed adenosine receptor (AR) signaling regulates the permeability of the BBB (44, 45) .
Adenosine is a purine nucleoside that functions as an important local signaling molecule and is involved in various physiological functions, including neurotransmission, cardiac pace, and immune regulation (46) (47) (48) . Extracellular adenosine is generated by conversion of ATP into ADP and AMP by nucleoside triphosphate diphosphohydrolase-1 (CD39), and AMP is further converted to adenosine by the action of 5′-ectonucleotidase (CD73). Extracellular adenosine mediates its action through its 4 receptors, A1, A2a, A2b, and A3. ARs are 7-transmembrane G protein-coupled receptors that are widely distributed on various cell types in the body, and their activation induces changes in the level of second messenger signaling, including Ca 2+ or cAMP (48) (49) (50) . In our previous study, we showed that mice lacking CD73 and unable to synthesize extracellular adenosine have tighter BBBs and are protected from experimental autoimmune encephalomyelitis (EAE), the animal model for multiple sclerosis (51, 52) . More recently, we showed that activation of A2A AR with a broad-spectrum AR agonist or an FDA-approved specific A2A AR agonist, with previous studies and suggest that caveolin-1 is involved in P-gp trafficking between the cell membrane and other cell compartments (54, 55) . Interestingly, we also observed colocalization of P-gp with caveolae mostly in the cytoplasm rather than on the cell surface in both human and mouse primary brain endothelial cells ( Figure 1 , A and B, and Supplemental Figure 1 , A and B). While previous studies showed P-gp colocalized with caveolae, this is the first study, to our knowledge, that shows that P-gp colocalization by cell fractionation assay (16, 37, 54) . To determine whether P-gp is associated with caveolae, we costained P-gp and caveolin-1, which is a major caveolae-associated protein (37, 54) . In human primary brain endothelial cells, we observed strong colocalization of P-gp with caveolin-1 ( Figure 1 , A and B). To determine whether P-gp colocalizes with caveolin-1, we performed immunoprecipitation assay using P-gp antibody and observed strong interaction between P-gp and caveolin-1 ( Figure 1C ). These results are in line downmodulated for up to 4 hours; by 8 hours, it returned to baseline levels (Supplemental Figure 2 , C and D). To verify the "visual" presence of the P-gp substrate and to map its timing and localization in endothelial cells, we next performed similar experiments in HCMEC-D3 and in human primary brain endothelial cells by IFA. Monolayers of HCMEC-D3 cells were treated with Lexiscan or NECA, and P-gp expression was analyzed by Western blot analysis. In HCMEC-D3 cells, Lexiscan treatment induced a rapid decrease in P-gp expression beginning at 30 minutes, which was maintained for up to 1 hour ( Figure 2, A and B) . Interestingly, at 24 to 48 hours, P-gp expression decreased even more prominently ( Figure 2, A and B ). NECA also decreased P-gp expression for up to 4 hours, and P-gp returned to basal levels at 8 hours and declined again between 48 and 72 hours (Supplemental Figure 3 , A and B). As proof that P-gp downmodulation by Lexiscan and NECA correlates with increased substrate accumulation, we evaluated accumulation of Rho123 in brain endothelial cells. Lexiscan increased Rho123 accumulation in the HCMEC-D3 cell line beginning at 15 minutes, and this was maintained for up to 90 minutes ( Figure 2C ). NECA treatment showed a similar trend in Rho123 accumulation, although it was not statistically significant (Supplemental Figure 3C ). This suggests that a decrease in P-gp expression level by AR activation is consistent with decreased P-gp functionality.
As cell lines do not always reproduce all the characteristics of primary cells, we next examined the effect of Lexiscan and NECA treatment on P-gp expression in primary human brain endothelial cells. Both Lexiscan and NECA treatment exerted effects on P-gp expression in human primary brain endothelial cells similar to those observed in the human brain endothelial cell line HCMEC-D3 ( Figure 2D and Supplemental Figure 3D ). Lexiscan induced rapid downmodulation of P-gp expression, which began to decrease at 15 minutes and was maintained at a decreased level for up to 4 hours ( Figure 2 , D and E). This downmodulatory trend was once again induced for up to 48 hours and was recovered by 72 hours (Figure 2 , D and E). In the NECA-treatment group, the expression level of P-gp began to decrease at 30 minutes and was maintained for up to 48 hours and recovered by 72 hours (Supplemental Figure 3 , D and E). This was recapitulated in the Rho123 uptake assay, which showed that Lexiscan rapidly suppressed P-gp function beginning at 15 minutes and that this was maintained for up to 90 minutes ( Figure 2F ). NECA showed a trend in P-gp suppression, but it did not reach statistical significance (Supplemental Figure 3F ). We next determined whether P-gp downregulation results in substrate accumulation in a transmigration assay using primary human brain endothelial cells (experimental procedure described in Figure 3A ). Lexiscan induced rapid increase in permeability to Rho123 beginning at 5 minutes, and this lasted for up to 60 minutes ( Figure 3B ). Rho123 levels returned to steady state by 2 hours; they increased again by 4 hours, and this was maintained at steady state for up to 12 hours (Supplemental Figure 4) . NECA's effect on Rho123 levels occurred at 12 hours and was maintained for up to 24 hours ( Figure 3B and Supplemental Figure 4 ). To further dissect the effect of AR signaling on the functionality of P-gp and Rho123 accumulation in primary human brain endothelial cells, endothelial cells were treated with Rho123 with or without Lexiscan, and Rho123 accumulation was with caveolae occurs in the cytoplasm. Recent studies showed that caveolin-1 is incorporated in the endosome called a cavicle, which is distinct from classical endosomes, and this special endosome actively delivers target proteins (including glycosylphosphatidylinositol-anchored [GPI-anchored] proteins) to the cell membrane (38, 56, 57) . To determine whether P-gp actively circulates by caveolae transport to relocate to the site where substrate is present and ultimately to the cell surface, we treated primary human brain endothelial cells with the P-gp substrate Rho123 for 1 hour. We observed strong colocalization of P-gp with Rho123 and surface localization of P-gp ( Figure 1 , D and E). Also, P-gp was strongly colocalized with caveolin-1 both on the cell surface and in the cytoplasm (Figure 1 , D and E). These observations strongly suggest that P-gp may actively circulate in these endothelial cells by the caveolae-protein transport system and that upon stimulation (trigger) by its substrate, it relocalizes to the substrate's site. Thus, the cytoplasmic portion of P-gp appears to bind to its substrate and deliver it to the cell surface for expulsion.
Since we observed mostly cytoplasmic localization of P-gp (in contrast with cell-surface localization observed in MDR cancer cells) (34), we next determined P-gp functionality using Rho123 uptake assay. Rho123 (a substrate of P-gp) is widely used to measure P-gp function, since its intracellular accumulation has a reciprocal relationship to P-gp levels (58) . Brain endothelial cells were treated with a competitive inhibitor of P-gp, PSC833, and Rho123 uptake was measured. PSC833 is a functional inhibitor that directly binds to the drug-binding pocket of P-gp, thereby allowing entry of P-gp substrate into the cell. We observed that Rho123 accumulation increased in a time-dependent manner in both human primary brain endothelial cells and the human brain endothelial cell line (Figure 1 , F and G). P-gp downmodulation was observed beginning at 60 minutes and was maintained up to 90 minutes, indicating that P-gp function was effectively downmodulated in HCMEC-D3 cells by the functional inhibitor (Figure 1F ). P-gp downmodulation was observed in primary human brain endothelial cells beginning at 60 minutes and was maintained up to 90 minutes ( Figure 1G ). These results indicate that these cells are valid in in vitro models to test the modulation and function of P-gp by AR signaling.
Activation of A2A AR downmodulates P-gp expression and function in brain endothelial cells. Previously, we have shown that ARmediated signaling increases the permeability of the BBB to large molecules in vivo and in vitro (44, 59) . In this study, to test the hypothesis that AR signaling regulates P-gp function, we used in vitro BBB models to determine whether AR signaling can indeed inhibit the expression and function of P-gp. First, we tested the effect of AR signaling on P-gp expression levels in primary mouse brain endothelial cells that were grown to form monolayers and then treated with or without 1 μM of the A2A AR agonist Lexiscan or NECA, a broad-spectrum AR agonist, at different time points up to 72 hours. In Lexiscan-treated samples, Western blot analysis showed rapid downmodulation of P-gp beginning at 30 minutes, which was maintained for up to 1 hour (Supplemental Figure  2, A and B ). This was reversed at 4 hours and began to decrease thereafter up to 48 hours, then reversed at 72 hours (Supplemental Figure 2, A and B) . In NECA-treated primary (mouse) brain endothelial cells, P-gp expression decreased very rapidly and remained visualized by IFA at different time points. Lexiscan increased the accumulation of Rho123 beginning at 15 minutes to 1 hour. NECA treatment increased Rho123 accumulation at later time points, beginning at 4 hours; this was maintained for up to 24 hours (Figure 3 , C-F). This indicates that NECA treatment also increased Rho123 accumulation in primary human brain endothelial cells, as shown by IFA. Overall, these results suggest that activation of A2A AR by Lexiscan potently and rapidly increases the transcellular permeability in human brain endothelial cells in a reversible manner. While NECA exhibited similar effects, its permeability kinetics occurred later and its effects were less potent than Lexiscan's. These results indicate that A2A AR activation has a potent effect on P-gp expression and function and that this effect occurs rapidly with Lexiscan treatment and may involve multiple mechanisms of regulation. P-gp downmodulation by Lexiscan is mediated by activation of MMP9, ubiquitination, and translocation to the cytoskeletal fraction. To better understand the mechanism behind the rapid downmodulation of P-gp observed after Lexiscan treatment, we used CSK buffer, which extracts insoluble cytoskeletal materials to determine whether P-gp is contained in the insoluble fraction, as this might explain its rapid downmodulation upon Lexiscan treatment (experimental procedure described in Figure 4A ). Comparison of P-gp expression levels in cytoskeletal fraction to P-gp in whole lysate showed increased P-gp in the cytoskeletal fraction compared with control ( Figure 4 , B and C). In cytoskeletal fraction, P-gp levels increased at from 5 to 15 minutes, returned to baseline by 30 minutes, and were maintained at baseline level for up to 60 minutes ( Figure 4C ). In contrast, in whole lysate, P-gp levels declined compared with vehicle control beginning at 5 minutes and were maintained for up to 60 minutes ( Figure 4B ). Activation of A2A AR is known to induce the relocalization of targets such as tyrosine receptor kinase β to the insoluble fraction (60, 61) . It is possible that P-gp in the soluble fraction may have been translocated to the cytoskeletal fraction by A2A signaling at an early time point, which may explain the rapid decrease in P-gp levels upon Lexiscan treatment.
We next explored the possibility that MMP9, which can be induced by various ARs and degrades extracellular matrix molecules, may become activated and cleave P-gp, resulting in its rapid decrease upon Lexiscan treatment (62, 63) . We observed increased expression of MMP9 beginning at 5 minutes that matched the same kinetics of P-gp decrease by Western blot and IFA (Figure 4 , D, G, and H), which was also observed in mouse brain endothelial cells (Supplemental Figure 5 ). Consistent with our hypothesis, we observed an increase in secreted P-gp that was released into the media with kinetics similar to those found in MMP9 expression. This secreted MMP9 was suppressed by an MMP9-specific inhibitor ( Figure 4E ), suggesting that secretion of P-gp is mediated by MMP9. Immunoprecipitation assay and IFA showed that A2A AR activation by Lexiscan induced rapid interaction between P-gp and MMP9, suggesting possible cleavage of P-gp by MMP9 at early time points (Figure 4, F and G) . Interestingly, the colocalization of P-gp with MMP9 at the cell surface was increased compared with its control, suggesting that P-gp cleavage occurred at the cell surface and that the cleaved P-gp is secreted into the extracellular space ( Figure 4G ). This suggests that MMP9 is at least in part responsible for the early and rapid decrease in P-gp levels upon Lexiscan treatment ( Figure 4B ).
We next determined whether A2A AR activation by Lexiscan can activate ubiquitination of P-gp, which was reported as one of the mechanisms that regulates P-gp expression (64) and thereby results in its rapid decrease. Primary human brain endothelial cells were treated with Lexiscan for 15 minutes; immunoprecipitation of P-gp was performed, and the eluent was immunoblotted against an antibody for ubiquitin. The result showed that treatment of primary human brain endothelial cells with Lexiscan for 15 minutes induced increased ubiquitinylation of P-gp compared with vehicle control ( Figure 5A ). This was further captured by strong colocalization of P-gp with ubiquitin after 15 minutes of treatment of primary human brain endothelial cells with Lexiscan, further indicating that Lexiscan can induce rapid ubiquitination of P-gp, which helps to explain its rapid downmodulation by Lexiscan stimulation ( Figure 5B ). Overall, these data suggest that the rapid decrease in P-gp expression by Lexiscan may be mediated by several different pathways operating sequentially, independently, or simultaneously (proposed model, Figure 5C ).
Ablation of CD73 or ARs increased P-gp expression and decreased P-gp substrate accumulation in the brain. To determine whether our in vitro data can be captured in vivo, we sought to determine whether signaling via the A2A AR regulates P-gp expression and functionality in the mouse brain. First, we examined primary brain endothelial cells from brains of mice with genetic deletion of A1 (Adora1 -/-), A2A AR (Adora2a -/-), or CD73 (Cd73 -/-) to determine whether P-gp expression is altered in their absence compared with WT mice. We observed increased expression of P-gp in primary brain endothelial cells from A1 KO, A2A KO, or CD73 KO mice compared with WT controls ( Figure 6A ). Moreover, we observed significant decreases in the accumulation of P-gp substrate Rho123 in primary brain endothelial cells ( Figure 6B ). We next determined whether increased P-gp is observed in the endothelial cells within the brains of these KO animals. We found that A2A AR and CD73 KO animals showed stronger P-gp signals than A1 AR KO mice, which showed P-gp expression similar to that of WT mice. This indicates that extracellular adenosine acting through its A2A receptor is the major signaling component involved in P-gp expression/function ( Figure 6 , C and D).
AR activation downmodulates P-gp expression and function in WT mice. Since we observed increased expression of P-gp in brain capillaries of A2A AR KO mice, we next determined whether activation of A2A AR with Lexiscan or NECA can downregulate P-gp expression with concomitant increase in drug accumulation in the brains of WT mice. Lexiscan treatment decreased P-gp expression in brain endothelial cells in WT mice between 5 and 15 minutes; this was recovered by 30 minutes, as shown by Western blot analysis (Supplemental Figure 6 , A-C) and IFA (Figure 7, A and B) . To assess whether A2A AR activation may have similar downmodulatory effects on other transporters expressed on brain endothelial cells, we next determined the expression level of BCRP1/ ABCG2, which is another key drug transporter highly expressed in many tissues, including the CNS vasculature, by Western blot. We observed that Lexiscan treatment potently downregulated BCRP expression by 15 minutes, after which its expression began to recover by 60 minutes (Supplemental Figure  and potently decreased P-gp expression and function, resulting in the accumulation of a P-gp substrate (epirubicin) in the brain.
We examined the effect of NECA treatment on BCRP expression compared with its effects on P-gp in brains of WT mice. NECA induced a gradual decrease in P-gp expression level, beginning at 2 hours; this was maintained for up to 18 hours, whereas the expression level of BCRP was not significantly affected ( Figure 8 , A-C). We examined the effect of NECA on P-gp downmodulation in BBB permeability to entry and accumulation of epirubicin in the brain. NECA-treated animals showed epirubicin accumulation in the brain that matched the kinetics of P-gp decrease in endothelial cells in the brain (Figure 8, B and D) . Interestingly, the kinetics of epirubicin accumulation in the brain induced by Lexiscan and NECA were very similar to the time window of P-gp downmodulation in human primary brain endothelial cells in vitro ( Figure 2D and Supplemental Figure 3D ). Based on these findings, we conclude that signaling via the A2A AR on brain endothelial cells increases the transcellular pathway mediated by P-gp (summarized in Figure 9 ). We believe that we have provided a compelling case for adenosine signaling via the A2A receptor in P-gp regulation that in the future may lead us closer to drug delivery to the CNS.
Discussion
The BBB is necessary to protect the brain and maintain its homeostasis (1, 5, 14) . However, its restrictive nature hampers the ability to get therapeutics into the brain (5, 14) . As the world population lives longer, the trend in neurodegenerative diseases increases, especially AD (14) . Billions of dollars are spent on drug development to bypass the BBB or to modify drugs such that they would have easier access in traversing the BBB, which blocks the delivery of the vast majority of drugs to the brain. After millions to billions of dollars are spent on developing these drugs, many of them are dropped from the pipeline, as they do not show efficacy or are too large to pass the BBB.
Cells and soluble molecules enter the brain through paracellular or transcellular pathways that are mediated by cell-to-cell junction or transporters, respectively (1, 14) . A variety of transporters and receptors are highly expressed on brain endothelial cells that selectively restrict or allow the entry of substances, some of which are necessary for normal brain function, such as glucose and amino acids, while others are expelled (14, 55) . Our previous studies showed that activation of the A2A AR increases BBB permeability to entry of large molecules that is mediated by increased paracellular permeability, induced RhoA activity, and rearrangement of the actin-cytoskeleton in brain endothelial cells (44, 59) . However, 6, A-C). This indicates that activation of A2A AR can alter BCRP expression/function. It is notable that Lexiscan's effect on P-gp occurred within 5 minutes compared with 15 minutes for BCRP. This suggests that A2A AR signaling effects on BCRP1 may be less sensitive compared with its effects on P-gp. To test whether these changes in P-gp expression in WT mice directly affect the functionality of P-gp and its substrate accumulation in the brain, we used the autofluorescent chemotherapeutic drug epirubicin, which allowed us to map its location and quantify its accumulation in the brain by fluorometry. Consistent with P-gp downmodulation, epirubicin accumulation in the brains of Lexiscantreated mice began to increase at 5 minutes; this was maintained up to 30 minutes and returned to baseline by 60 minutes ( Figure  7C ). This kinetic profile of P-gp downmodulation (Supplemental Figure 6 , A-C) matched exactly with the kinetics of epirubicin accumulation in the brain ( Figure 7C ). Despite obtaining statistically significant epirubicin values in Lexiscan-treated mice, these values did not appear to match the fluorescent intensity of epirubicin observed in the brains of Lexiscan-treated mice (Figure 7D) . Using a scanning scope, we captured the entire brain of mice treated with epirubicin with or without Lexiscan to visualize where epirubicin is accumulated in the brain and to quantify where it is localized ( Figure 7D ). Lexiscan treatment increased the accumulation of epirubicin prominently in the cerebral cortex, the cerebellum, and brain stem, and, to a lesser degree, in the olfactory bulb and hippocampus ( Figure 7D ). We next quantified the fluorescent intensity of specific areas in the brain to be compared with controls. We observed significant epirubicin intensity in the cerebral cortex, the cerebellum, and the hippocampus in Lexiscan-treated mice compared with control mice that received vehicle and epirubicin (Figure 7, D and E) . This indicates that substantially more epirubicin accumulated in brain tissue of Lexiscan-treated mice than what we are able to extract ( Figure 7C ). To assess the inhibitory capacity of Lexiscan on P-gp in BBB permeability, we compared it to that of a well-known functional inhibitor of P-gp, PSC833, by measuring the intensity of epirubicin accumulation in the brain after PSC833 or Lexiscan treatment. We observed significantly lower epirubicin intensity in the brains of mice treated with PSC833 compared with Lexiscan-treated mice (Figure 7, D and E) . Moreover, the PSC833 treatment group exhibited lower epirubicin intensity than even the control treatment group (Figure 7, D and E) . This suggests that Lexiscan is a more potent inhibitor of P-gp than PSC833 (28) . Based on these observations, we propose that A2A AR activation by Lexiscan rapidly In NECA treatment, downmodulation of P-gp occurred later than that of Lexiscan. We believe the difference in both Lexiscan and NECA's effects is a result of the difference in their halflives: Lexiscan's half-life is approximately 2.5 minutes, whereas NECA's is 5 hours. The downmodulation of P-gp by AR activation strikingly correlates with P-gp function that was confirmed by Rho123 accumulation and extravasation assays in primary human brain endothelial cells.
As we observed that a potent and rapid downmodulation of P-gp occurred over multiple time points after Lexiscan treatment of primary human brain endothelial cells, we hypothesized that AR activation may regulate P-gp expression and function by multiple mechanisms. We next investigated the molecular mechanism behind the rapid downmodulation of P-gp. In a cytoskeletal fractionation assay, we observed that a significant amount of P-gp is found in the insoluble fraction upon Lexiscan treatment of primary human brain endothelial cells. Moreover, we observed secreted P-gp in brain endothelial cell culture supernatants, suggesting P-gp is cleaved and released into the extracellular environment. Consistent with this notion, since molecules enter the CNS by transcellular and/or paracellular routes and the transcellular pathway is regulated by efflux transporters, such as P-gp, we wished to determine whether AR signaling also exerts regulatory effects on the transcellular pathway of the BBB mediated by P-gp (5, 11, 17) . Not surprisingly, many drugs are expelled by P-gp even before entering the brain and therefore are dropped from the drug pipeline in the course of their development (15) . This poses tremendous economic loss and obstacles for public health, in particular, for treatment of CNS diseases (5, 11, 22) . Hence, it is imperative and urgent that we better understand how these processes operate.
In this study, we used a human brain endothelial cell line and primary human and mouse brain endothelial cells as in vitro models to investigate the impact of AR signaling on P-gp function, and then we determined whether our in vitro data can be recapitulated in vivo in mice. Our in vitro data showed that activation of AR significantly and potently altered P-gp expression/function. P-gp expression was rapidly downmodulated in both primary human and mouse brain endothelial cells and in a human brain endothelial cell line by activation of A2A AR with Lexiscan treatment. 64) . In support of this, we observed rapid ubiquitinylation of P-gp by Lexiscan both by IFA and immunoprecipitation analysis. Together, these findings suggest that A2A AR-mediated regulation of P-gp expression/function occurs by these mechanisms independently or in combination. Consistent with our in vitro findings, we observed AR activation exerted similar effects on P-gp expression and function we found a concomitant increase in MMP9 levels that suggests that MMP9 may also be involved in downmodulation of P-gp upon AR activation. Moreover, we also determined that interaction between MMP9 and P-gp increases upon AR activation by immunoprecipitation assay and IFA, suggesting the cleavage of P-gp by MMP9 induces secretion of P-gp into the extracellular space. It is also reported that P-gp is regulated by ubiquitination Figure 6 . Ablation of CD73 or ARs increased P-gp expression and decreased P-gp substrate accumulation in the brain. (A) Western blot analysis of P-gp from primary brain endothelial cells of brains of WT, A1, A2A, and CD73 KO mice. β-Actin was used as a loading control. Intensity of bands was normalized with that of β-actin. *P < 0.05 (n = 3 from 3 different Western blots, 2-tailed Student's t test). (B) Rho123 uptake assay was performed using primary brain endothelial cells from brains of WT, A1, A2A, and CD73 KO mice. Cells were grown to confluence and treated with 2.5 μM of Rho123 at 5, 15, 30, and 60 minutes. Cells were lysed with lysis buffer and were analyzed by fluorometry, with excitation at 488 nm and emission at 523 nm. *P < 0.05; **P < 0.01 (n = 4, 2-tailed Student's t test, 1 representative result of 2 different experiments). (C) Western blot analysis of P-gp expression levels from brains of WT, A1 KO, A2A KO, and CD73 KO mice. β-Actin was used as loading control. Band intensity was normalized to that of β-actin and graphed. *P < 0.05 (n = 3, 2-tailed Student's t test). (D) IFA on the brain of WT, A1 KO, A2A KO, and CD73 KO mice. Frozen brain sections were stained with GLUT1 (an endothelial marker, red) and P-gp (green) and counterstained with DAPI (blue). Nucleus was counterstained with DAPI (blue). Scale bar: 100 μm. ciple that AR activation causes P-gp downmodulation, resulting in increased accumulation of P-gp substrates, we examined the effects of Lexiscan treatment on the accumulation of the chemotherapeutic drug epirubicin, which is a P-gp substrate. We observed that AR activation increased the accumulation of epirubicin in the brain that coincides with the kinetics of P-gp downmodulation. Consistent with our observation in vitro in human brain endothelial cells, Lexiscan's effect on accumulation of epirubicin was rapid, whereas NECA's was gradual. We believe this difference in permeability kinetics between the 2 agonists stems from differences in their half-lives (Lexiscan, 2.5 minutes; NECA, 5 hours).
in vivo. In mouse brain endothelial cells, Lexiscan's effects on P-gp was rapid, occurring within 5 minutes, whereas the effect of NECA was observed 2 hours later. We also determined that A2A AR activation exerted its effects on BCRP1 expression/ function as potently as it did on P-gp. This suggests that both P-gp and BCRP1, which have been previously shown to function cooperatively, are regulated by A2A AR. A noted difference is that Lexiscan's effects on BCRP1 occurred 10 minutes later than its effects on P-gp. Thus, it is possible that P-gp activity may be more sensitive to A2A AR regulation than that of BCRP1. However, a more thorough study of BCRP1 regulation by A2A AR would be required to make this determination. As proof of prin- Importantly, BBB permeability is reversed, returning to steady state after the effects of the agonist wane. ARs and the enzymes that generate extracellular adenosine are expressed directly on BBB cells, and some AR pharmacological agents, including Lexiscan, are FDA approved and may lessen some potential hurdles for use in humans. In summary, our data showing that AR mediates P-gp function in BBB permeability are exciting, highly translational, and stand to have a high impact on public health. In the future, A2A AR modulation of BBB via regulation of P-gp may provide a real alternative in treating brain tumors such as gliomas, which are incurable and have an average survival time of 18 months.
Methods
Cells and materials. Human brain endothelial cell (HCMEC-D3) was provided by Barbette Weksler (Weill Cornell Medical Center). Primary human brain endothelial cells were purchased from Cell Systems. Lexiscan was purchased from Toronto Research Chemicals. Rho123 was purchased from Sigma-Aldrich. Epirubicin (catalog 3260), PSC833 (catalog 4042), and NECA (catalog 1691) were purchased from Tocris. Anti-human CD31 antibody (catalog FAB3567C) was purchased from R&D Bioscience. P-gp antibodies were purchased as follows: catalog GTX108354, GTX23364 from GeneTex; catalog 557001 from BD Biosciences; catalog EPR10364-57 from Abcam. ABCG2 (catalog GTX23380) and GLUT1 (catalog GTX100684) antibodies were purchased from GeneTex. Anti-MMP9 antibody (catalog ab38898) was purchased from Abcam. Alexa Fluor 594conjugated wheat germ agglutinin (WGA) (catalog W11262, Thermo Fisher) was provided by Marci Scidmore (Cornell University). Mouse anti-caveolin-1 antibody (catalog 610493, BD Biosciences) was provided by Gary Whittaker (Cornell University).
Mouse primary brain endothelial cell culture. Mice were sacrificed under the IACUC protocol of the College of Veterinary Medicine of Cornell University. Meninges of brain were removed and ground using a plunger and centrifuged at 3,000 g for 5 minutes. The obtained pellet was dissolved in 18% dextran and centrifuged at 10,000 g for 10 minutes and digested with DMEM containing collagenase, DNAse, and dispase at 37°C for 75 minutes. The sample was centrifuged for 5 minutes at 3,200 g, and the pellet was washed with warm PBS. The pellet was resuspended in DMEM/F12 with puromycin, heparin, 20 % PDS, and l-glutamine and plated onto the proper plate.
Subcellular localization analysis of P-gp in brain endothelial cells. To analyze the subcellular localization of P-gp in the HCMEC-D3 and primary brain endothelial cells, we plated cells on coverslips and fixed them with PFA for 20 minutes. Cells were washed with 0.5 % BSA 2 times and incubated with 5% goat serum for 45 minutes. Cells were incubated with 1:200 anti P-gp (BD Biosciences) overnight. Coverslips were washed 2 times and incubated with anti-mouse secondary P-gp has long posed a tremendous hindrance to drug delivery to the brain and across the biological barrier in general (9, 22) . This molecule functions by expelling drugs and xenobiotics from cells, and it alters drug pharmacokinetics (26) . Its broad substrate spectrum allows it to expel major classes of drugs (26, 65) . Moreover, P-gp expression or upregulation in various cancers and cell types poses a poor prognosis for cancers and cancer treatment (17) . Therefore, our data showing that signaling via the A2A AR alters P-gp function have very broad appeal beyond the CNS. These data suggest that AR modulation may be a bona fide mechanism of altering P-gp function to effectively treat major cancers in general. We propose that these studies stand to open the door to studies well beyond modulation of the BBB.
Until recently, the brain was considered a formidable fortress that doesn't allow the entry of molecules or cells into the CNS. However, technological advancement and emerging studies have revealed that the brain is not totally cut off from the rest of the body; rather, it is selectively separated in order to maintain proper brain physiology (1, 5) . Adenosine is a damage/ danger-signaling molecule that responds to cell stress or tissue damage by inducing a cascade of events involving recruitment of cells and substances across biological barriers needed to repair damaged tissues (46, 48) . Therefore, adenosine is an endogenous (built in) modulator that regulates BBB permeability to recruit molecules into the CNS (to repair it) during CNS damage or stress. We posit that this system operated by AR signaling functions as a door and that adenosine is the key that signals its opening. We propose that this built-in mechanism relies on the extremely short half-life of adenosine (about 10 seconds) to reverse BBB permeability.
We believe that in the future, A2A AR modulation of the BBB may offer a safe means of delivering drugs into the CNS. AR modulation of BBB permeability provides a kinetic window of P-gp downmodulation that can be exploited to deliver therapeutics to treat diseases ranging from primary brain tumors to AD. It offers a time line of drug delivery to the brain that can be transient or gradual, depending on the A2A AR agonist used. When AR is activated by adenosine or Lexiscan, (c) it downregulates P-gp on brain endothelial cells (d), which increases transcellular permeability and delivery of P-gp substrate into the brain. When P-gp substrate crosses the brain endothelial cells, it is still not clear which transporters subsequently aid the final delivery of molecules into the brain side. jci.org Volume 126 Number 5 May 2016
antibody conjugated with Alexa Fluor 647 for 1 hour. Cell surface was stained with Alexa Fluor 568 WGA (Invitrogen, 1:200) or anti-CD31 (R&D Bioscience, 1:200). For costaining of caveolae, cells were stained with mouse anti-caveolin-1 (BD Biosciences, 1:200) Immunoprecipitation assay. 4G Sepharose beads were purchased from Invitrogen and incubated with human P-gp antibody (BD Biosciences) overnight at 4°C using a rocking shaker. Beads were washed twice using lysis buffer containing protease inhibitor, and lysates from primary brain endothelial cells were incubated overnight at 4°C using a rocking shaker. Samples were spun down at 4,000 g for 2 minutes and washed with lysis buffer containing protease inhibitor 3 times. Samples were eluted with 0.1 M glycine (pH 2.8), and the eluent was mixed with sample buffer, which was loaded on a 10% SDS-PAGE gel run for 2 hours at 100 V and subsequently transferred to nitrocellulose paper for Western blot analysis.
Western blot. HCMEC-D3 and HBMVEC cells were plated in 12-well plates and were grown until they reached 100 % confluency. The media was replaced with fresh media containing 1 μM of Lexiscan or NECA with proper vehicle control (DMSO) for up to 72 hours. Cells were lysed by lysis buffer (RPMI) containing protease inhibitor cocktail and stored for later use (-70°C). For cytoskeletal fraction analysis, cells were lysed in CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 10 mM PIPES, pH 6.8). For brain samples, half of the brain was homogenized and lysed with RPMI lysis buffer and centrifuged at 17,000 g for 20 minutes and 1:10 diluted samples were used for analysis. Sample was loaded on 7 % SDS PAGE at 100 V for 1 hour and transferred to the nitrocellulose paper. It was blocked with 1% BSA and incubated with anti-P-gp antibody (Genetex, 1:2000) overnight. Subsequently, it was washed with TBST and incubated with anti-rabbit secondary antibody (1:2000) for 1 hour. It was washed with TBST and developed with ECL substrate and exposed to x-ray film. Anti-GAPDH or -β-actin antibody was used as loading control. The intensity of band was analyzed with densitometric analysis and plotted as a graph for analysis of time-course effect of AR signaling on P-gp expression.
Rho123 uptake assay. Human brain endothelial cells and primary brain endothelial cells were plated onto 48-well plates until 100% confluence was reached, and media were replaced with fresh media containing Rho123 (2.5 μM) with different concentrations of Lexiscan, NECA, or PSC833. Reaction was halted by adding 250 ul of ice-cold PBS. Plate was washed with 250 μl of ice-cold PBS 3 times and lysed with lysis buffer. Each sample was analyzed using Synergy Fluometer (Biotek), with excitation at 488 nm and emission at 523 nm. Concentration of Rho123 was analyzed using standard curve created by serial dilution of Rho123. Final concentration of Rho123 was normalized using protein concentration of lysate measured using Bradford assay (Bio-Rad). For microscopic analysis of Rho123 uptake, cells were cultured on coverslip and Rho123 was treated with or without Lexiscan or NECA with DMSO as control. Reaction was terminated by adding ice-cold PBS and washed with ice-cold PBS 3 times. Cells were fixed with PFA and costained with anti-human P-gp. Cells were visualized with a Zeiss fluorescent microscope and captured with axiovision software.
Rho123 extravasation assay. Primary human brain endothelial cells were plated on 3 μm of porous membrane (Corning) until 100% confluency was reached. Media was replaced with HBSS and acclimated for 4 hours before initiation of experiments. Rho123 (2.5 μM) with or without Lexiscan or NECA (0.25 μM) was applied on the upper chamber of porous membrane for up to 48 hours. Media at the bottom chamber were collected at different time points, and each sample was analyzed using Synergy Fluorometer (Biotek), with excitation at 488 nm and emission at 523 nm.
Epirubicin brain accumulation assay. For Lexiscan study, 10 mg/kg of epirubicin was injected with or without Lexiscan (0.05 mg/kg) at different time points, and mice were sacrificed. Mice were injected with NECA (0.08 mg/kg) or vehicle control at different time points, after which 10 mg/kg of epirubicin was injected intravenously for 15 minutes; mice were then sacrificed. At indicated time points, mice were perfused with ice-cold PBS and brain was collected for further analysis. Brain was ground and spun down in Tris-HCl (pH = 8.0) at 17,000 g for 30 minutes, and supernatant was transferred to a new tube and precipitated with the same volume of MeOH. Samples were spun down at 17,000 g for 30 minutes, and the concentration for epirubicin was analyzed with fluorimetry with emission at 488 nm and excitation at 575 nm.
IFA of frozen section. Mice were treated with Lexiscan or NECA at different time points and were infused with ice-cold PBS and sacrificed. Half of the brain was cut and put in the cassette and filled with OCT solution. Samples were snap-frozen with liquid nitrogen, cut with cryostat (10 μm) and fixed with acetone for 5 minutes, and incubated with C219 for P-gp stain (1:100) and Glut1 for endothelial cell marker (1:100) at 4°C overnight. Sections were washed with PBS and additionally stained with secondary antibody conjugated with fluorochrome. Full images of the brain sections were visualized and recorded using Aperio Scan Scope (Leica Biosystems).
Statistics. All statistical analysis was carried out using GraphPad 5.0 software. Statistical significance was assessed using unpaired 2-tailed Student's t test. P values of less than 0.05 were considered to be statistically significant.
Study approval. All animal work was done in accordance with Public Health Service guidelines and was approved by Cornell's Institutional Animal Care and Use Committee (protocol no. 2008-0092).
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